Cell function is largely controlled by an intricate web of macromolecular interactions called signaling networks. It is known that the type and the intensity (concentration) of stimulus affect cell behavior. However, the temporal aspect of the stimulus is not yet fully understood. Moreover, the process of distinguishing between two stimuli by a cell is still not clear. A microfluidic device enables the delivery of a precise and exact stimulus to the cell due to the laminar flow established inside its micro-channel. The slow stream delivers a constant stimulus which is adjustable according to the experiment set up. Moreover, with controllable inputs, microfluidic facilitates the stimuli delivery according to a certain pattern with adjustable amplitude, frequency and phase.
INTRODUCTION Temporal aspect in cell signaling study
Living cells encounter many stimuli from the environment which induce signal transduction to produce responses. For example, heat can induce cells response based on its intensity. In a situation involving mild heat stress, cells tend to utilize the heat to fluidize the cell membrane which activates the growth factor receptors and induces cell proliferation and differentiation. Meanwhile, in a situation involving severe heat stress, cells program cell death or apoptosis 1 . The second example of stimulus is the osmolarity changes. This signal triggers cells to increase the number of compatible and counteracting organic osmolytes and heat shock proteins in high osmolality environment 2 . In addition to heat and osmolarity, cells also encounter signals from chemicals or hormones such as adrenalin, insulin or drugs and other physical stimulus such as pH, light, mechanical stress etc.
Even though the signal transduction pathways share a common mechanism, in fact it is a very complex system that offers many possible kinds of cell response. Same stimulus might produce different response or on the other hand, different stimulus may induce the same response from cells. One example is the mild heat which ignites cell proliferation and differentiation in a way that is similar to the growth factor 1 . This implies that cells might have the *aclayton@swin.edu.au; phone +61 3 9214 5719: fax +61 3 9214 5435: http://www.swinburne.edu.au/engineering/cmp/ same signaling pathways in response to two different stimulus, heat and growth factor. On the other hand, one signal can activate many proteins inside the cell that initiate various responses. Moreover, the effect of a signal often shows a nontrivial relationship with the signal which makes it difficult to decide on a distinct signal transduction pathway of a certain signal 3 .
Many studies show that the qualitative and quantitative aspects of the signal are not the only factors determining signal transduction pathways. In several cases, indeed cell response corresponds to the concentration of the signal. For example, yeasts exhibit a vegetative response in low pheromone concentration, chemotropic growth in intermediate concentration and a mating response in high pheromone concentration 4 . Brent (2009) 5 added that Saccharomyces cerevisiae acted as a sensor of the pheromone concentration received. They discovered that the signal propagates gradually with a certain temporal activation pattern. Increasing pheromone concentration in fact fastened the temporal activation and steady state was rapidly achieved. In conclusion, cell responses are in alignment with the concentration of the signal.
Nonetheless, the temporal aspect or frequency of signal is now emerging as the other factor determining cell responses 6 . Doubt has been expressed as to whether amplitude is the only factor determining the cell fate. Domletsch, et.al (1998) 7 observed that rapid oscillation of Ca 2+ activated the transcription factors nuclear factor of activated T cell (NF-AT), Oct and NF-κB. Meanwhile the irregular introduction of Ca 2+ only activated NF-κB. Furthermore, Zhu, et.al (2012) 8 studied the behavior of E.coli under the amplitude and frequency modulation of L-aspartate as the cell attractant. The author found that the cells move toward the attractant as a function of frequency at lower signal concentration. However, if high concentration is applied, the cell chemotaxis is no longer a frequency-dependent function. Iqbal, et.al (2010) 9 attempted to review the hypothesis in explaining the complexity demonstrated by the modulation of signal amplitude and frequency. The delay between the stimulus reception and the cellular response is suspected to be the reason for complex cellular machinery. In this kinetic disconnect moment, a cell might undergo repetitive activation of numerous signaling pathways. In addition, the kinase pathways inside the cell experience frequency and amplitude modulation. The authors argue that signal amplitude will determine the number of activated intracellular signaling molecules which influence the intensity of stimulus. In the meantime, intracellular signaling molecules could be translocated as a function of time and interact with a certain novel substrate in one time and another novel substrate at another time. Likewise, the inhibition of a certain signaling pathway by particular signaling molecules due to signal frequency modulation certainly will add to the complexity of cellular processes inside the cell. Thus, changing the signal frequency opens the doors for various possible ways of signaling pathways activation. Moreover, there is the uniqueness of multiple signal transduction pathways which are differentially controlled over time since this phenomenon would definitely impart specificity to cellular processes.
Adjustable multiple inputs microfluidic device
As a componentry system in understanding the cell system, microfluidic allows the observation of cells behavior under dynamic stimulation and controllable environment 10 . Furthermore, fluid transport and delivery which occur within micrometer scale in diameter channels represents most biological application which makes microfluidics mimic what is happening in vivo 11 . Microfluidics usage in cell system ranges from chemotaxis study, gene expression, or signal transduction pathway.
One study of cell chemotaxis was conducted by Cheng, et.al (2007) 12 . Cheng et.al had used a hydrogel-based microfluidics to observe E.coli migration under the gradient concentration of α-methyl-DL-aspartate. It also observed differentiated HL-60 cells exposed to formyl-Met-Leu-Phe gradient concentration. This microfluidics, which employs continuous flow with single stimulus, is argued to be effective in producing a stable concentration gradient of stimulus in a long duration of experiment. Additionally, the movement of stimulus through hydrogel provides enough time and barrier to control stimulus concentration without through flow or mechanical protocol which might distract cell motility observation. Using 10 -4 M α-methyl-DL-aspartate as stimulus which finally reaches 0.111 µM µm -1 in equilibrium, Cheng et.al successfully showed the movement of E.coli to the source of stimulus with higher concentration. This design is considered safe for biological experiment due to the capability of hydrogels to deliver nutrients needed by the cell. However, this design is restricted to one stimulus profile. Moreover, the dynamic changes is difficult to achieve since the stimulus concentration is decreasing steadily while in the real cell environment stimulus concentration might ascending rather than descending.
Other microfluidic system, which applies single stimulus, was also proposed by Berg & Block (1984) 13 . Using the same cell system as Cheng et.al, Block et al observed the clockwise and counter clockwise motion of E. Coli as it were subjected to various concentration of α-methyl-DL-aspartate. The main different from these two systems is the mechanism of stimulus addition into the cell system. The previous system produced concentration gradient of stimulus through the permeability of the hydrogel while in Block design, the stimulus was registered through a programmable pump which dispensed certain concentration of stimulus. This system is a discrete microfluidic using buffer as the continuous phase which transports the stimulus periodically. With this design, Block et al successfully showed that the flow in microfluidic network is nearly uniform throughout. The bubble generation due to the pumping mechanism, which become a problem in this mechanism, was also preventable using vacuum line and prior treatment to the solution that involved autoclaving and saturation using mixture of 80% he and 20% O 2 . Even though the programmable pump allows injection of different stimulus profile, again single stimulus system is insufficient to mimic the real cell system. The urge to have more throughputs using multi-stimulus from one microfluidic has supported the development of microfluidic design. Even though the previous systems offer a way to observe cell behavior under certain circumstances, it fails to represent the real cell system with complex environment. Moreover, the stimulus effect on the cells is not solely depends on the concentration but also on the timing of stimulus 14 . In vivo, cells encounter dynamic stimulation from chemical signals which vary in its frequency. Hence, microfluidic design with multiple and controllable stimulus frequency is needed to address this issue.
In 2005, Olofsson, et.al (2005) 15 propose microfluidic with chemical waveform synthesizer. Single cell is exposed to several laminar flows of stimulus, up to 16 stimuli, with desired concentrations from an open microfluidic chamber. The cell is placed on a movable x-y stage that can place the cell precisely and rapidly to the channel with the desired stimulus. This design gives flexibility to control the stimulus both in concentration or frequency as needed or as similar as the real cell system. Through their invention, they argue that chemical waveform synthesizer successfully reproduce the complicated oscillatory calcium concentration in the cell. This design also enables single cell probing mechanism to study the receptor functionalities. However, single cell system (patch clamp) is difficult in its application. Moreover, patch clamp system restrict the read out due to its limitation to electric activity 14 . In addition, even though the scanning mechanism is rapid and precise, the exiting stimulus from each channel is a single stimulus. Hence, the cell in a certain period is exposed only to one stimulus and one profile rather than experiencing multiple stimulus with different profile simultaneously.
To address the necessity of microfluidic with multiple inputs and adjustable frequency and amplitude for cell signaling pathways observation, unique microfluidic systems that accommodate the combinatorial temporal effect of two stimuli are expected. The PDMS microfluidic system, produced through a photolithography and soft lithography process, is set to have a controllable temporal pattern in delivering the multiple stimuli through the structure shape modification and programmable delivery system.
METHODOLOGY Microfluidic fabrication
AutoCad 2013 was used to generate several 2D template designs which were printed on acetate mask with 20 µm resolution. The template of microfluidics was made from a photoresist chemical, SU-8 2015 (MMRC, Pty. Ltd.) on a surface of silicon wafer. The photoresist was coated on top of the silicon wafer through a spinner ramping with 1000 rpm velocity for 6 minutes. Then, the coated wafer was pre-baked at 95 ˚C for 5 minutes on a hot plate to complete the polymerization reaction. The UV light exposure energy applied was 150-160 mJ/cm 2 for 6 seconds. The coated wafer then post-baked at 95 ˚C for 5 minutes and followed by hard baked at 150˚C for 3 minutes. The photoresist then developed in developer solution and rinsed with IPA (isopropyl alcohol) where the non-exposed part of the coated silicon wafer will be washed away leaving the template design structure.
The fabrication of PDMS was conducted in the petri dish. Using scotch tape, the silicon wafer was securely positioned in the petri dish. The mixture of Slygard 184 silicon elastomer base and the curing agent (Dow Cowning) in 10:1 weight ratio then poured into the petri dish. To degas the bubble produced during the solution mixing, the petri dish was placed in the vacuum desicator. The petri-dish then placed in the oven at 80°C for 120 minutes to let the PDMS cured. Using a scapel knife, the PDMS was cut out as the desired shape and removed from the wafer. The holes for the inlets were made by punching PDMS using biopsy punch.
The PDMS then assembled with glass cover slip. Imprinted PDMS surface was bound to glass cover slip to produce sealed channels. PDMS and glass cover slip were placed in the plasma cleaner. The plasma cleaner then turned on for 50 s and a pale violet colour was present in the vacuum chamber during the process. After 50 s, the surface of glass cover slip and the imprinted PDMS were activated and ready for the binding. By pressing these two surfaces, PDMS and glass cover slip readily attach to each other. To enhance the binding, microfluidic was heated on hot plate at 75˚C for 5 minutes.
Microfluidic characterization
The characterization step was aimed to confirm the channel structure produced and the to examine the strength of PDMS and glass cover slip binding as well as the efficacy of solution mixing. 10 mM phosphate buffer (pH 7) and 300 mM KI in Milli-Q water were delivered through one inlet while the other inlet was set up to inject 10 µM-1 mM fluorescein, derived from fluorescein disodium salt solution in Milli-Q water, as the representative of stimuli. Solution filled syringes were mounted on PHD Ultra I/W Harvard programmable pump. To produce sinusoidal wave of fluorescence intensity which correspond to the concentration of fluorescein, the pumps were programmed to perform ramp up and ramp down flow rate of fluorescein and buffer or KI between 0.06 µl/min to 60 µl/min. The characterization of microfluidic was performed using Fluorescence Lifetime Imaging Microscope (FLIM) with excitation wavelength 495 nm. The images were captured using Cascade EMCCD camera.
The analysis of images captured was performed using Li-FLIM software. The extent of mixing was determined by comparing the width of the channel occupied by fluorescein (marked by the fluorescence intensity and lifetime) compared to the total width of the channel. The measurement was conducted in the inlet channel and in the cell seeding area. By comparing between the fluorescein intensity and lifetime in the inlet channel and in the cell seeding area, the extent of the mixing can be calculated. The accuracy of fluorescein concentration delivered as a function of time was then confirmed by the comparison between the fluorescein intensity observed in the cell seeding area and the expected fluorescein intensity based on the calculation.
Cell culture

NG108-15 cells were situated in 25 mm
2 tissue culture flask in DMEM medium (Sigma Aldrich). The medium contains 10% v/v fetal calf serum (Sigma Aldrich), 1% v/v penicillin-streptomycin solution (PS) (Sigma Aldrich), 1% v/v Lglutamin (Sigma Aldrich), 0.5% v/v amphotericin (Sigma Aldrich). The culture was kept at 37°C in a 95% humidified incubator with 5% CO 2 . Prior to the use of cells in the experiment, the cells were passaged and maintained in culture for 3 days. Microfluidic was sterilized using 70% alcohol prior to the cell plating. Cells were plated in microfluidic with cell density 5000-10.000 cell/cm 2 and kept in the incubator for several days. The cell number and physiological changes were observed using bright field microscope on the daily basis.
RESULTS
Microfluidic dimension
To confirm the dimension of the microfluidics, the imprinted channel on PDMS surface was coated using silver with 50 nm thickness using Magnetron Sputtering Physical Vapour Deposition technique. With 3D profiler, the height and the width of the channel were measured. Average height resulted from spinning at 1000 rpm for 6 minutes was 25.32 nm and the average width of the main channel was 296 nm (Figure 1 ). The length of the main channel of microfluidic was 3.16 cm. Since spinning speed at 1000 rpm in 60 second gave the closest height and width expected, which were 25 μm and 300 nm respectively, this setting was applied for all microfluidic designs.
Microfluidic flow characterization
Prior to the characterization of microfluidic, an experiment to confirm the linearity between the intensity and the concentration of fluorescein was conducted. The fluorescein concentrations applied were ranged from 0.1 μM -10 μM.
In this characterization process, one inlet was filled with 10 μM fluorescein and the other inlet was loaded with 10 mM phosphate buffer (pH 7). For microfluidic design with 4 inlets, 2 inlets were filled with fluorescein and the rest were loaded with buffer. Intensity distribution in the beginning of inlets junction was compared to the intensity distribution in the cell seeding area to quantify the extent of mixing. The distribution of intensity was determined via the width of the peak which represents the width of channel filled with fluorescein. The percentage of channels area loaded by fluorescein was derived from the comparison between the width of the channel filled with fluorescein and the total width of the channel.
From the comparison of several designs, hurdle design gave the most satisfactory result. In this design the cell seeding area filled with fluorescein was up to 86%. Further analysis shows that the intensity distribution in this design was increasing from 61% in the inlets junction, 63% in the first unit of hurdle, 79% in the second hurdle unit, 83% in the last hurdle unit and 86% in cell seeding area (Figure 3 ). Based on these results, the hurdle design gives a satisfactory mixing extent compared to the other designs. The mixing also substantiated by the decrease of fluorescein intensity which demonstrate the dilution of fluorescein due to mixing with buffer. On the other hand, the width of the peak increased showing the wider area in the channel that being filled by fluorescein. Figure 3 .The structure in the middle is the hurdle design pattern. The inserted images on top of the design are the fluorescein intensity images from the inlet up to the cell seeding area. The increasing bright area from the inlet junction to the cell seeding area substantiates the mixing of fluorescein and buffer. The graph at the bottom is the intensity profile as the function of Y position in the inlet junction and in the cell seeding area. It is apparent that the fluorescence intensity descending from the inlet junction to the cell seeding area which exhibits the mixing of two solutions.
To confirm the solution mixing, fluorescein intensity measurement in the presence of 300 mM KI was performed. KI act as the quencher which reduces the intensity of fluorescein whenever the two solutions mixed. In this experiment, one inlet was filled with fluorescein while the other inlet was loaded with buffer or 300 mM KI as the quencher. As shown in Figure 4 , area occupied by fluorescein was narrow at the beginning and began to expand as the distance from the inlet junction increased. Reaching cell seeding area, the intensity decreased and it was detected throughout the channel. The distinct high and low fluorescein intensity area was diminishing which substantiate the quenching of KI as it mixed with fluorescein ( Figure 4a ). Meanwhile, lifetime pattern observed did not exhibit the exact similarity (Figure 4b ). Unlike in the fluorescein intensity measurement, there was no significant lifetime reduction. Even though the diminishing of two regions of low and high lifetime also noticeable, the lifetime did not decreasing. In order to produce sinusoidal wave of fluorescein concentration, second experiment was conducted. Since fluorescein concentration was linear to the fluorescein intensity, the observation was based on fluorescein intensity. The two solutions were injected at different flow rate ranging from 0.06 -60 µl/min to produce gradient of fluorescein intensity. Figure 5 displays the sinusoidal wave of fluorescein intensity measured that has similar pattern with the predicted intensity based on calculation. These results demonstrate that the frequency, amplitude and phase of the input and output concentration can be regulated depend on the pattern needed. 
Cell culture inside microfluidic
To characterize the biocompatibility of microfluidic device produced for cell signaling study, NG108-15 was cultured inside microfluidic. Proliferation and differentiation were observed via cell number and neurite outgrowth monitoring. Figure 6a and b show the proliferation that took place within 2 days of observation. At the first day cells started to attach to the base of microfluidic device. At the second day cells started to proliferate marked by the increase of the cell number. Figure 6 c displays the neurite outgrowth after 2 days incubation. 
DISCUSSION
The images of fluorescein intensity in hurdle design along the microfluidic device channels show that the perturbation of laminar flow indeed succeeded to increase the mixing of two solutions. The hurdles produce pressure which disturbs the laminar flow to facilitate mixing. This is confirmed by further experiment using KI as the quencher. The agreement between the pattern of measured fluorescein intensity and the predicted fluorescein intensity signifies that the microfluidic device was able to perform adjustable inputs. By ramping up the flow rate of fluorescein and simultaneously ramping down the flow of the buffer, high amplitude was achieved. Low amplitude was performed when the flow rate of fluorescein was ramping down while the flow rate of the buffer was increasing. By changing the flow rate of two solutions, there is control of fluorescein concentration delivery as a function of time. From our result, the measured fluorescence intensity did not coincide fully with the predicted fluorescein intensity even though the pattern has shown an agreement. This is could be due to the range of flow rate used was too high. Magennis et.al (2005) 16 shows that mixing extent can be improved by applying slower flow rate. Thus, further study with lower flow rate will be conducted to improve the precision of the sinusoidal wave of concentration.
Cell culturing inside microfluidic exhibits satisfactory results where cells were successfully proliferate and differentiate. These results show that microfluidic produced have a suitable dimension and biocompatibility for cell growth in a long run.
CONCLUSION
Our results demonstrate that hurdle design gives 86% mixing of fluorescein and buffer. Relationship between inputoutput fluorescein concentrations delivered has also been demonstrated and cells were successfully cultured inside the microfluidic. This signifies that microfluidic is a suitable device for studying cell signaling with multiple inputs and adjustable amplitudes and frequencies.
